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benzene and alcohols by an adduct of H,O, with urea
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In the presence of catalytic amounts of a vanadium complex (Bu}NVO,) and pyrazine-2-carboxylic acid, the
adduct H,0,-urea, in MeCN solution at 22-60 °C, oxidizes cyclohexane to yield mainly cyclohexyl
hydroperoxide which may be easily converted into cyclohexanol by the action of triphenylphosphine (at
room temperature after the reduction the ratio cyclohexanol: cyclohexanone is 25:1). Linear and branched
alkanes are also oxidized by this reagent to give the corresponding alcohols, the regioselectivity being low;
e.g., for oxidation of hexane C(1): C(2):C(3) = 1.0:6.8:6.0. The effective activation energy of cyclohexane
oxidation is ~ 70 kJ mol™!. Dependencies of initial rate of the reaction on concentration of substrate and the
components of the reagent have been obtained. The postulated mechanism includes, as the key stage, the
abstraction of a hydrogen atom from alkane, RH, to produce radical R* which then rapidly reacts with
O, to afford ROO’. The hydrogen atom is most probably abstracted by hydroxyl radical formed in the
interaction of H,0O, with the vanadium complex. Benzene is oxidized by the reagent under consideration

to yield phenol, and alcohols are transformed into aldehydes or ketones.

Introduction

The transformation of hydrocarbons, the main crude oil and
natural gas constituents, into oxygenated derivatives such as
alcohols, aldehydes, ketones, carboxylic acids and peroxides
has been extensively studied over the last decades, primarily
because such products are important intermediates in industrial
production.®® However, industrial oxidation processes are
usually not selective. For instance, catalytic oxidation of
cyclohexane with air in the presence of manganese or cobalt
naphthenates to give a mixture of cyclohexanone and cyclo-
hexanol as goal products may produce up to 100 additional
substances.!® Thus, at present one of the aims of metal com-
plex catalysis is the search for new efficient systems which
oxidize hydrocarbons and other organic compounds under mild
conditions with high selectivities.

In addition to molecular oxygen (and air), hydrogen peroxide
is the most attractive oxidation reagent because it is inexpensive
and gives only water as by-product. A large number of publi-
cations have appeared on oxidations by hydrogen peroxide in
the presence of transition metal complexes.!! Complexes of
chromium, molybdenum, titanium, ruthenium, iron, palladium,
polyoxometalates and metalloporphyrinates were employed as
catalysts in such oxidations. Since the pioneering paper by
Milas,'? vanadium complexes are known to catalyse H,0,
oxidations and many papers on this topic have appeared. ! 3 Alkyl
peroxides are also used in vanadium-catalysed oxidations.!*
Vanadium peroxo complexes that easily oxidize hydrocarbons
in stoichiometric reactions !> were postulated as active inter-
mediates in catalytic processes.!3:!# It should also be noted that
vanadium-containing complexes catalyse oxidation of organic
compounds with molecular oxygen !¢ and play an important
role in biological systems.!?

We have recently shown that vanadate anion in the presence
of pyrazine-2-carboxylic acid (PCA) catalyses efficient oxid-
ation of organic compounds by aq. (30%) hydrogen peroxide in
MeCN. Under the action of this system alkanes are transformed
predominantly into alkyl hydroperoxides (as well as smaller

amounts of alcohols and ketones or aldehydes),?* alcohols give
rise to ketones or aldehydes,®> and benzene and its alkyl
derivatives are oxidized to produce phenols and quinones as
well as side-chain oxidation derivatives.>*> In continuing the
study of the synthetic applications of the system ‘H,O,—
vanadium complex—-PCA’ we attempted to use an adduct of
hydrogen peroxide with urea as the oxidizing reagent (hydro-
carbon oxygenation by H,O,-urea catalysed by CrO,; was
recently described !8). The merits of this method would include
the absence of water in the reaction solution which could
destroy some substrates.

Here we report oxidation of saturated hydrocarbons, benzene
and aliphatic alcohols by the system ‘H,0,-urea-VO;  -PCA’
in MeCN. It should be emphasized that the system under
discussion transforms alkanes under mild conditions into alkyl
hydroperoxides—valuable products for organic synthesis both
in the laboratory and in industry,'® and which also play a very
important role in living cells.*°

Results and discussion

We carried out oxidation of cyclohexane in MeCN solution
by using adduct H,O,-urea at various temperatures in the
range 22-60 °C (Fig. 1). A combination (BujN)VO, + PCA
in the ratio 1:4 was used as catalyst.

The process was monitored by withdrawing aliquots at
specific intervals and analysing them by means of GLC. If the
reaction solution was injected in the chromatograph without
any preliminary treatment, the formation of cyclohexanol and
cyclohexanone in approximately equal amounts was detected.
It should be emphasized that neither product can be formed in
substantial amounts from cyclohexane and hydrogen peroxide
directly in the injector or the chromatographic column since
in the initial moment of the reaction, when the concentrations
of both starting reagents are high, GLC detects only minor
amounts of the oxidation products. However, if an excess of
triphenylphosphine is added to the reaction solution 10-20 min
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Fig. 1 Kinetics of oxidation of cyclohexane (0.56 mol dm™) by
adduct H,0,-urea (0.07 mol dm™3) in MeCN catalysed by (BujN)VO,
(0.125 x 1073 mol dm™) and PCA (0.5 x 10~ mol dm™) at various
temperatures: 22 (curves V,V), 30 (O,@), 40 (A,A), 50 (O.M)
and 60°C (O,#). Open symbols, cyclohexanol; closed symbols,
cyclohexanone. Triphenylphosphine was added to an aliquot before
the GLC analysis (the same as in the cases shown in Figs. 2-7).

before the GLC analysis, the resulting chromatogram differs
drastically from that of a sample not subjected to reduction
by triphenylphosphine. In this case, the cyclohexanol peak
rises markedly, while the intensity of the cyclohexanone peak
decreases. The sum of alcohol and ketone concentrations in the
reduced sample is approximately equal to the total concen-
tration of products in the solution untreated with triphenyl-
phosphine. These results can be explained by the fact that on
interaction of the reagent under discussion with cyclohexane the
alkane is oxidized mainly to yield cyclohexyl hydroperoxide. It
is known that cyclohexyl hydroperoxide is totally decomposed
in the chromatograph to produce cyclohexanol and cyclo-
hexanone in the ratio ~1:1. The peroxide is readily and
quantitatively reduced by triphenylphosphine to yield cyclo-
hexanol.?! Thus, by comparison of the data of chromatographic
analysis of the reaction solution before and after reduction by
triphenylphosphine, the amounts of cyclohexyl hydroperoxide,
cyclohexanol and cyclohexanone present in the solution at a
given moment can be estimated. For example, if the chro-
matogram of a solution before the reduction exhibits two
peaks of approximately equal area for cyclohexanol and
cyclohexanone and after the reduction only cyclohexanol is
determined by GLC, these data testify that only cyclohexyl
hydroperoxide is present in the solution.

Fig. 1 demonstrates that the temperature influences not only
the rate of cyclohexane oxidation but also the composition of
the mixture of products formed (only data obtained after the
reduction are shown). At elevated temperatures (40-50 °C) the
accumulation of oxidation products terminates after ca. 0.5 h.
In this case a substantial amount of cyclohexanone is formed
(the ratio cyclohexanol:cyclohexanone is ~ 5:1). However, at
room temperature, when the accumulation of products is slow,
only negligible quantities of cyclohexanone are detected after
24 h (the ratio cyclohexanol:cyclohexanone is ~25:1). These
data may be explained as follows. Only cyclohexyl hydro-
peroxide is formed in cyclohexane oxidation by the reagent
‘H,0,-urea—VO; —-PCA’, but some part of this peroxide is
decomposed to produce a mixture of cyclohexanol and cyclo-
hexanone. The higher the temperature the faster the de-
composition. The vanadium complex present in the solution
apparently accelerates the decomposition (metal complexes are
known to catalyse the decomposition of peroxides 22).

An excess of cyclohexane over hydrogen peroxide was used in
experiments shown in Fig. 1. In this case, at room temp., the
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Fig. 2 Oxidation of cyclohexane (0.09 mol dm3) in the presence of
VO;™ (0.125 x 107® mol dm™) and PCA (0.5 x 10~ mol dm™).
@, Cyclohexanol; O, cyclohexanone. At time ¢ = 0 and at moments
denoted by arrows, portions of solid adduct H,0,-urea (0.14 mol
dm~3) were added. Temperature 40 °C.
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Fig. 3 Plot of initial rate of the reaction W, [determined as
concentration, ¢, of the cyclohexane oxidation products (sum of
cyclohexanol and cyclohexanone after the reduction of an aliquot by
triphenylphosphine) after 15 min of the reaction] versus concentration
of PCA. Conditions: [CyH], = 0.37 mol dm™3; [H,0,-urea], = 0.07
mol dm3; [VO;7] = 0.125 x 1073 mol dm3; 30 °C.

yield of oxidation products after 24 h is 20% with respect to
hydrogen peroxide (if it is assumed that one H,0, molecule is
required to produce one alkyl hydroperoxide molecule). The
catalyst turnover number equals 100. When concentration of
cyclohexane is lower and an excess of adduct H,0,-urea is
used (Fig. 2) the yield of oxidation products is 37% with
respect to cyclohexane (the catalyst turnover number reaches
260).

The dependence of the initial rate of oxidation (determined
as concentration of products after 15 min of the reaction) on
the concentration of PCA (Fig. 3) exhibits a maximum at ratio
[V]:[PCA] = 1:2. However, the composition of the catalyst
in all experiments described here was slightly different
([V]:[PCA] = 1:4) in order to minimize the influence of
deviations of the PCA concentration in different experiments
on the oxidation rate. In the absence of PCA the oxidation
rate is negligible.

As shown in Fig. 4, at low catalyst content, the reaction rate
is proportional to the catalyst concentration. However, when
[VO;7] > 0.1 x 1073 mol dm™3, W, is almost independent of
[VO;7]. The shape of the dependence curve of the reaction
rate on concentration of cyclohexane is analogous (Fig. 5).
The reaction is first order in H,0,-urea (Fig. 6).

In addition to cyclohexane, we carried out the oxidation of
some linear and branched saturated hydrocarbons and deter-
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Fig. 4 Plot of initial rate of the reaction W, (see caption to Fig. 3)
versus concentration of the catalyst (VO;~ + 4PCA). Conditions:
[CyH], = 0.37 mol dm™3; [H,0,-urea], = 0.07 mol dm3; 30 °C.

/1072 mol dm™>

| i
0.5 1.0
[CyH]y/mol dm™~>

Fig. 5 Plot of initial rate of the reaction W, (see caption to Fig. 3)
versus initial concentration of cyclohexane. Conditions: [VO;7] =
0.125 x 10 mol dm™3; [PCA] =0.5 x 10 mol dm>; [H,0,.
urea], = 0.07 mol dm=3; 30 °C.
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Fig. 6 Plot of initial rate of the reaction W, (see caption to Fig. 3)
versusinitial concentration of adduct H,0,-urea. Conditions: [VO;] =
0.125 x 1073 mol dm=3; [PCA] = 0.5 x 10~ mol dm™; [CyH], =
0.56 mol dm3; 35 °C,

mined the regioselectivities of this reaction. The data are
summarized in Table 1. The parameters listed in this Table
testify to the low selectivity of the reaction under discussion and
are close to those determined for oxygenations of hydrocarbons
by hydroxyl radicals. Thus, in the hydroxylation of hexane by
hydrogen peroxide in MeCN upon UV irradiation, selectivity
parameters C(1):C(2): C(3) = 1:10:7. The selectivities 1°:2°:
3° for 2- and 3-methylhexane in this photochemical reaction
are 1:6:20 and 1:4:12, respectively.? So, it may be assumed
that the key role in the transformation of alkanes into alkyl
hydroperoxide under the action of the reagent described in
this paper is played by O-centred radicals, ie. hydroxyl
radicals* or vanadium-containing radical-like species. Va-
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nadium hydroperoxide 1 may be formed in the first stage of the
reaction [eqn. (1)]:

V=0 + H,0, ——»\“/V (l)—OH ——»\IIV—O—OH m
OH
1

Compound 1 then rearranges into radical 2 (see ref. 15a)
[eqn. 2)]:
1— H,0.+- VV-0-O )
2

or decomposes to produce two radicals [eqn. (3)]:
1— V¥-0" + 'OH 3)

OH
3

All radicals proposed in these schemes are capable in principle
of reacting with alkanes, RH, to abstract a hydrogen atom
[reactions (4)«(7)]:

‘OH + RH— H,0 + R’ 4)
V-O' + RH— V-OH + R )
V-00" + RH — V-OOH + R’ (©6)

Alkyl radicals thus formed react rapidly with an oxygen
molecule: 23

R’ + O,— ROO’ 0

The last radical after abstraction of the hydrogen atom or
addition of electron and proton is transformed into alkyl
hydroperoxide. The same compound may be obtained in the
reaction shown in equation (8):

VV-OOH + R"—— V¥  ROOH 8)

In this case molecular oxygen does not participate in the
process. However, it is reasonable to assume that ROOH is
formed predominantly (or exclusively) from atomospheric
oxygen. The following examples taken from the literature
support this hypothesis. Molecular oxygen seems to participate
in the functionalization of saturated hydrocarbons by Gif-type
systems (GoAgg") to produce alkyl hydroperoxides.?* The
oxygen atom of cyclodecanone, formed by oxidation of cyclo-
decane using FeCl;-H,O, in pyridine-acetic acid, is largely
derived from molecular oxygen.?’ Iron(i)-induced generation
of hydrogen peroxide from dioxygen has been described
recently.?® We have shown that oxidation of cyclohexane by
hydrogen peroxide catalysed by Cr"' complexes,?” iron por-
phyrinate 27 in MeCN, and vanadate ion 27 in MeCO,H as well
as palladium peroxo complexes 28 in MeCN affords cyclohexyl
hydroperoxide in sufficient amounts. It is noteworthy that, like
our case, alkane oxidation by hydrogen peroxide catalysed by
iron complexes in pyridine-acetic acid is accelerated in the
presence of pyridine-2-carboxylic (picolinic) acid and other
related chelating ligands (the GoAgg™ system).2°

At last, the route'®” leading to alcohol [eqn. (9)] cannot

VIV-0-OH + R’ —— V¥=0 + ROH 9)

be excluded. Indeed, we were unable to determine directly the
quantity of cyclohexanol formed in the reaction solution if this
amount is small (unfortunately, the accuracy of hydroperoxide
determination by titration is not satisfactory for our purposes;
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Table 1 Oxidation of linear and branched alkanes by the reagent
‘H,0,-urea-VO,;—PCA’ in MeCN at 22 °C

Alkane Selectivity

Pentane C(1):C(2):C(3) = 1.0:6.7:7.2
Hexane® C(1):C(2):C(3) = 1.0:6.8:6.0
2-Methylpentane 19:2°:3° = 1:9:40
3-Methylpentane 19:2°:3° = 1:6:39

“ The relative reactivities of hydrogen atoms at carbon atoms 1, 2 and
3 of linear alkanes and at the primary, secondary and tertiary carbon
atoms of branched alkanes are listed, taking into account the number
of hydrogen atoms at each of the carbon atoms. ? In oxidation by
309; aq. hydrogen peroxide selectivities were C(1):C(2):C(3) = 1:8:7
(see ref. 2).
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Fig. 7 Accumulation of acetone (@), propanal (O) and phenol (+)
in the oxidation of propan-2-ol (0.5 mol dm~3), propan-1-ol (0.5 mol
dm™3) and benzene (0.5 mol dm™2), respectively in MeCN. Conditions:
[H,0,-urea], = 0.14 mol dm=3; [VO,;] = 0.125 x 10~ mol dm™>;
[PCA] = 0.5 x 1073 mol dm™3; temperature 30 °C for @ and O,
50 °C for +.

our attempts to measure precisely the amount of triphenyl-
phosphine oxide formed were also unsuccessful). The stage of
abstraction of hydroxy group from iron ion by radical R" is
postulated for the mechanism of alkane oxidation with par-
ticipation of cytochrome P-450 (see, e.g., refs. 7 and 8). The
interaction of R* with V-OOH in a similar manner could
produce a product of abstraction of group OOH, as shown
in eqn. (8). Earlier we proposed such a stage for the formation
of cyclohexyl hydroperoxide in the photochemical oxidation
of cyclohexane catalysed by cyclopentadienyl complexes of
iron(m).3° Therefore, the mechanism of the reaction is not
fully clear. However, we assume that participation of hydroxyl
radicals as key intermediates is the most probable (see also ref. 4).

The reagent under discussion hydroxylates benzene to yield
phenol, and oxidizes propan-1-ol and propan-2-ol to afford
propanal and acetone, respectively (Fig. 7).

In conclusion, although the reagent ‘H,0,-urea-VO;—
PCA’ oxidizes alkanes less efficiently in comparison with a
similar reagent based on 30% aq. hydrogen peroxide,'™ the
selectivity of the process in the first case is noticeably higher
(the ratio cyclohexanol:cyclohexanone = 25:1 at room tem-
perature after the reduction with triphenylphosphine; this value
is only 12:1 for aq. H,0,). So the reagent described in the
present paper may be used for the selective transformation of
alkanes into the corresponding alcohols.

Experimental

The oxidation experiments were carried out in thermostatted
cylindrical vessels equipped with reflux condensers, in air, with
intensive stirring. The total volume of the reaction solution was
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10 cm3. Initially, a portion of a stock solution of H,0,-urea
(Fluka) was added to the solution. The process was monitored
by withdrawing aliquots at specific intervals and analysing them
by means of GLC (each sample was analysed twice, i.e. before
and after the addition of triphenylphosphine).

For the analysis a DANI 86.10 gas chromatograph (the
column 0.25 mm in diameter with Carbowax) and Chrom Jet
integrator (Spectra-Physics) were employed.
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